Abstract
METHODS

Normal human colon epithelial cells (ATCC ® CRL.1790™)
were stimulated with either heat killed E. coli or heat killed murine cecal contents (HKC) and examined for several relevant biomarkers associated with inflammation and oxidative stress including cytokine production, mitochondrial autophagy and oxidant status. TNFα, IL-1β and IL-8 protein concentrations were measured within the supernatants. Fluorescent microscopy was performed to quantify the production of reactive oxygen species (ROS) using an oxidation responsive fluorogenic probe. Mitochondrial morphology and mitochondrial membrane potential was assessed by dual staining using COXIV antibody and a dye concentrating in active mitochondria. Mitochondrial ROS scavenger was used to determine the source of ROS in stimulated cells. Autophagy was detected by staining for the presence of autophagic vesicles. Positive controls for autophagy and ROS/RNS experiments were treated with rapamycin and chloroquine. Mitochondrial morphology, ROS production and autophagy microscopy experiments were analyzed using a custom acquisition and analysis microscopy software (ImageJ).
INTRODUCTION
Oxidative stress-induced damage to intestinal epithelial cells is a key event in the initiation and progression of pathologies associated with multiple intestinal inflammatory disorders including ulcerative colitis, colon cancer and enteritis [1] [2] [3] . The intestinal epithelial layer is uniquely tasked with maintaining tolerance to commensal bacteria while recognizing and initiating immune responses to pathogenic infectious agents. Once tolerance is breached, immune and epithelial cells respond to commensal and pathogenic bacteria in an exaggerated manner and produce inflammatory mediators and reactive oxygen species (ROS) that can not only damage DNA, proteins and lipids [4, 5] , but also eventually lead to activation of apoptotic pathway that destroys the epithelial cell layer. Mitochondria are a primary target for ROS-induced damage to epithelial cells and are also the primary source of intracellular ROS produced by oxidative phosphorylation. Exposure of organelles to modest amounts of ROS will activate important cytoprotective processes such as the autophagy pathway, which is designed to maintain cellular homeostasis during times of stress by clearing or recycling damaged organelles. However, excessive ROS generation overwhelms the protective function of the autophagy pathway leading to activation of apoptotic cell death and eventually causing loss of mucosal barrier [6, 7] . In vitro models studying oxidative stress response in intestinal epithelial cells are needed to understand the pathophysiology of oxidative stress in causing cellular damage. Currently, there are many colon cancer cell lines including HCT116, SW620, and Caco-2 that are used to assess the oxidative damage induced dysfunction of epithelial cells in conditions like microbial gastro-enteritis, ulcerative colitis, and Crohn's disease [8, 9] . Many of these cell lines tend to underestimate or overestimate the cellular oxidative responses because of their inherent resistance to oxidative stress, changes in endogenous antioxidant levels, altered expression or activation of detoxifying systems, and altered susceptibility of mitochondria and genetic components to ROS attack [10, 11] . Additionally, these cancer cell lines likely respond differently to microbial stimuli compared to normal human intestinal epithelium. For example, intestinal neoplastic cells have abnormal chromosome numbers (chromosome number: Caco-2 -96, HCT116-45, sw620-50) [12] [13] [14] and react differently to various stimuli and stress factors compared to primary cells [15, 16] . Proteomic studies comparing cancer cell lines with primary cells lines showed distinct alterations in metabolic pathways suggesting that neoplastic cell lines may not be the best choice for disease models [17] . Primary colon epithelial cells obtained from patient biopsy samples can be used to model oxidative stress during gastrointestinal disorders. However, limited cell recovery, a lack of reproducibility of experimental data, and procedural costs make the use of primary cell model impractical [18] . The CRL.1790 cells are an intestinal epithelial cell line isolated from normal human neonatal intestine and are successfully maintained under laboratory conditions [19, 20] . The CRL.1790 cells have a normal diploid chromosome number, are easy to propagate at laboratory conditions and are cost effective. The current study proposes an in vitro cell culture model using the CRL.1790 normal human colon epithelial cells as an alternative to using other cancer cell lines to study oxidative stress responses to microbial exposure. Murine heat killed cecal contents (HKC) and heat killed E. coli were used to induce inflammation and associated oxidative stress. Inflammatory cytokine production, ROS generation, mitochondrial and autophagic responses were measured. Our results suggest that CRL.1790 cells may be used to model in vitro characteristics of epithelial cell mitochondrial dysfunction during inflammation-induced oxidative stress.
MATERIALS AND METHODS
Cell culture
CCD 841 CoN (ATCC ® CRL.1790™; Manassas, VA, United States) normal human colon epithelial cells were obtained from ATCC and maintained at 37 ℃, 5% CO2 in MEM supplemented with 3% FBS, 2 mmol/L L-glutamine, penicillin-G (100 U/mL), and streptomycin (100 µg/mL). Colon cells ≤ 9 passages were grown as monolayers until confluent, harvested with trypsintreatment at 37 ℃ for 5 min and plated for experiments. Media was replaced 24 h after plating and the cells were allowed to adhere for 48 h prior to experimental treatments.
Heat killed Escherichia coli and heat-killed cecal contents
Escherichia coli (ATCC ® 25922™) was obtained from ATCC. E. coli was heat killed and used for experiments. Briefly, E. coli were grown in trypticase soy broth with gentle shaking to 37 ℃ to stationary phase. The bacteria were washed with PBS before cultures were adjusted to 1.0 × 10 5 cells per 1 µL. Bacterial cultures were then heat-killed at 80 ℃ for 30 min and penicillin-G (100 U/mL) and streptomycin (100 µg/mL) added prior to freezing and storage at -80 ℃. To ensure complete killing of E. coli, aliquots were plated on trypticase soy agar and checked for growth. Murine HKC contents were prepared according to previously published methods [21] . Briefly, 25 mg of cecal contents were mixed with 1 mL sterile HBSS and filtered twice through nylon mesh to remove large particles. Filtered supernatants were heat-killed at 80 ℃ for 30 min then centrifuged at 150 × g, for 5 min to remove remaining large particulate matter. Penicillin-G (100 U/mL) and streptomycin (100 µg/mL) were added to supernatants and aliquots frozen and stored at -80 ℃.
Epithelial cell treatments
Epithelial cell monolayers were treated with heat killed E. coli (ATCC ® 25922™) at multiplicity of infection (MOI) = 1 or with 200 µg of HKC contents per 2.0 × 10 5 cells [21] which served as a positive control. To study mitochondrial dysfunction, a positive control was created by adding carbonyl cyanide 3-cholorphenylhydrazone (CCCP) (Sigma-Aldrich, St. Louis, MO, United States) to a final concentration of 10 µmol/L to control wells for 90 min at 37 ℃, 5% CO2 to induce mitochondrial fission and abrogate outer membrane potential [22, 23] . Positive controls for autophagy-induction were treated with 500 nmol/L rapamycin and 10 µmol/L chloroquine for 16 h at 37 ℃, 5% CO2 [24] .
ROS generation measurement
ROS generation from CRL.1790 cells was measured by loading Carboxy-H2DCFDA dye before exposure to microbial ligands as described earlier [25] . Carboxy-H2DCFDA is non-fluorescent but in the presence of ROS, this reagent is oxidized, and becomes green fluorescent, which is then detected using fluorescence plate reader. well and cells were incubated at 37 ℃, 5% CO2 for 30 min. Media containing CellROX stain was removed and monolayers were washed with 1 × PBS and fixed with 3.7% paraformaldehyde for 15 min at 37 ℃. Coverslips were processed for microscopy as described below.
Immunofluorescence microscopy
For microscopy experiments, CRL.1790 cells were grown as monolayers to confluence, harvested, and seeded onto sterile cover slips within 6-well dishes at 4 × 10 5 cells per well. Cells were allowed to adhere for 48 h at 37 ℃ before performing treatments as described above. For mitochondria experiments, Diego, CA, United States) and samples were analyzed per manufacturer's instructions. All values were represented as pg/mL of media. All treatments were performed in duplicate and experiments were repeated a minimum of three times.
Microscopy quantification and statistical analysis
For each coverslip, 10 fields were captured and analyzed resulting in 20 fields per treatment for each experiment. CellROX and Mitotracker and autophagy microscopy experiments were analyzed using ImageJ 1.46/Java 8 software (National Institute of Health, Bethesda, MD, United States) as described previously [26] . Briefly, individual cells in each image were selected and analyzed using the measurement command. Area, integrated density and mean gray value were collected. Additional measurements were made of areas without fluorescence adjacent to cells as background. Corrected total cell fluorescence (CTCF) was calculated using the equation: CTCF = integrated density -(area of selected cell × mean fluorescence of background). Mitochondrial morphology was analyzed from MitoTracker images using ImageJ, Mito-Morphology Plugin as described previously [27] . Measurements of mitochondrial area, perimeter, circularity, minor and major axis as well as total mitochondrial counts were collected for each imaged field. Mitochondrial morphology was characterized by average circularity, area/perimeter ratio as a measure of interconnectivity and inverse circularity reported as a measure of elongation [27] [28] [29] . Statistical significance of cytokine measurements, ROS, and morphology measurements was examined by ANOVA and Tukey's HSD post hoc comparison (P = 0.05) using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, United States). All results were expressed as mean ± SE.
RESULTS
CRL.1790 cells respond to microbial stimulation
Excessive microbial stimulation of colonic epithelial cells is a key event in the progression of many intestinal disorders. Heat killed cecal contents obtained from wild type mice to mimic the population of intraluminal antigens and heat killed E. coli (ATCC 25922) were chosen to induce inflammatory responses in CRL.1790 cells. The cells were treated with HKC contents or heat killed E. coli and supernatants were analyzed for the production of inflammatory cytokines TNFα, IL-1β and IL-8 using ELISA. Of the 3 cytokines measured, only IL-8 production was significantly increased in HKC and E. coli treatment groups compared to untreated controls. Treatment with HKC contents induced 10-12 fold increase in IL-8 production by CRL.1790 cells compared to unstimulated controls at 6 and 12 h. Figure 1A ). No significant effects of either HKC or killed E. coli on TNFα or IL-1β production were detected at 6 or 12 h ( Figure 1B and C) .
CRL.1790 cells generate ROS upon microbial stimulation
ROS are generated during mitochondrial oxidative metabolism as well as in response to bacterial invasion, xenobiotic metabolism and cytokine stimulation. ROS generation was detected microscopically using cell permeable CellROX deep red dye and also by measuring fluorescence emission using carboxy-H2DCFDA dye. CRL.1790 cells were grown on coverslips or 96 well plate and treated with HKC contents and heat-killed E. coli for 6 and 12 h. ROS generation was quantified microscopically by calculating corrected total cell fluorescence (CTCF) or by measuring fluorescence intensity using a fluorescence plate reader as described in the materials and methods. Both treatments induced a significantly higher production of ROS compared to untreated controls. At 6 h post-treatment, HKC contents and E. coli treatment induced 1.6 fold and 2 fold more ROS than untreated controls, respectively ( Figure 2) . By 12 h post-treatment, HKC and killed-E. coli produced 4 and 2.7 fold increases in ROS production, respectively, compared to untreated controls ( Figure 2 ).
Mitochondrial dysfunction is evident during microbial stimulation in CRL.1790 cells
To test the impact of ROS generated in response to microbial stimulation, CRL.1790 cells treated with HKC contents and heat-killed E. coli were assessed microscopically for mitochondrial outer membrane potential and fission fusion dynamics, which are reflective of mitochondrial integrity. Mitochondrial fission-fusion dynamics can be measured by calculating and comparing average circularity of mitochondria [27] . Increased average circularity measurements denote more balanced fusion/fission dynamics and increased mitochondrial health. A decrease in average circularity measurements indicate accelerated fission suggestive of mitochondrial dysfunction and stress. Our results showed that average circularity was diminished in the cells stimulated with either HKC contents or E. coli ( Figure  3A and B). At 6 h post stimulation a small but significant reduction in circularity was measured for both HKC contents and E. coli-treated cells. However, by 12 h, HKC stimulation alone showed a significant decrease in mitochondrial circularity. These data clearly demonstrate that CRL.1790 cells undergo alteration in mitochondrial fission/fusion dynamics during microbial 
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stress potentially contributing to mitochondrial damage. Additionally, expression of Dynamin related protein 1 (DRP-1) (Marker for mitochondrial fission) and Mitofusin (MFN2) (Marker for mitochondrial fusion) were also measured after treating the cells with microbial ligands for 6 h. DRP1 expression was significantly increased in the HKC and E.coli treated groups suggesting increased mitochondrial fission. MFn2 expression was decreased in the HKC and E. coli treated groups, however the changes weren't significant.
To assess mitochondrial integrity, the CRL.1790 cells were stained with MitoTracker after treatments and images were collected and analyzed using ImageJ software as described in the methods. a potent mitochondrial oxidative phosphorylation uncoupler to inhibit mitochondrial activity and serve as negative control. Corrected total cell fluorescence (CTCF) was measured to assess OMP, which indicates intact mitochondrial integrity. Higher fluorescence intensity indicates functioning mitochondria and lower fluorescence reflects destabilization of the mitochondrial membranes. Our results show that, mitochondrial integrity was significantly decreased following both HKC and heat-killed E. coli treatments at 6 and 12 h (Figure 3C-E ). These data demonstrate that CRL.1790 cells respond to microbial stress and undergo alteration mitochondrial function and integrity.
Mitochondrial ROS scavenging ameliorates mitochondrial damage in CRL.1790
To test whether ROS produced during the microbial stress was responsible for the decrease in mitochondrial OMP, a mitochondrial-targeted oxidant scavenging molecule (MitoTempo) was used to inhibit ROS-induced mitochondrial damage. Briefly, MitoTempo was added to the cells for 12 h prior to treatments. Cells were stained with MitoTracker to assess the antioxidant impact on the OMP to evaluate mitochondrial integrity. Corrected total cell fluorescence was measured using ImageJ software as described in the methods. There was no significant difference in MitoTracker CTCF between HKC and untreated cells or heat-killed E. coli and untreated cells at 6 or 12 h of microbial stimulation. These data demonstrate that scavenging mitochondrial ROS prevented mitochondrial damage and dysfunction (Figure 4) , suggesting that most of the ROS produced in the CRL.1790 cells following HKC and heat-killed E. coli treatment was of mitochondrial origin.
Autophagy is activated upon microbial stimulation in CRL.1790 cells
Excessive ROS production, damages organelles mainly targeting lipid and DNA molecules. Under normal conditions, the autophagy pathway promotes cell repair and survival. However, excessive production of ROS and the resultant oxidative stress can overwhelm the autophagy system and promote cell death. Thus, we evaluated autophagy activation in E. coli and HKC treated CRL.1790 cells. Staining of autophagic vacuoles using Cyto-ID kit was determined to measure autophagy activation through labeling of autophagic vacuoles. At 6 and 12 h post-stimulation both HKC and E. coli treatment induced a significant increase in autophagic vacuoles compared to untreated controls ( Figure 5 ). These data suggest that CRL.1790 cells undergo sufficient damage to induce autophagy activation during microbial stress.
DISCUSSION
Studies have shown that cancer cell lines might be ineffective in recapitulating the oxidative stress response and mitochondrial dysfunction evident in inflammatory based intestinal diseases [10] . Studies comparing oxidative stress responses in normal and cancerous cell lines showed normal cell lines behaved differently when compared to cancerous cell lines like caco-2 cells, likely owing to their altered metabolic and genetic profile. Studies like these highlight the importance of using a cell line that is closely related to normal cells, but at a same time, are practical and efficient for in vitro studies. In this study, we tested the usability of CRL.1790 normal epithelial cells as a replacement for cancerous colon epithelial cell lines to study oxidative stress response and mitochondrial dysfunction induced by microbial ligands. The results of this study suggest that human colon epithelial CRL.1790 cells may be a good alternative for cancer cell lines used in studying cellular oxidative stress response and specifically mitochondrial dysfunction during microbial exposure. The CRL.1790 cells successfully recapitulated inflammatory response, induction of oxidative stress, mitochondrial dysfunction and autophagic responses which are key events leading to loss of epithelial cell barrier functions. 
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The CRL.1790 epithelial cells demonstrated proinflammatory responses following microbial challenge as evidenced by production of IL-8, which is a neutrophil attractant. Other cytokines specifically TNFα and IL1β were not significantly increased compared to unstimulated controls. This finding is in concurrence with other studies demonstrating that colon epithelial cells respond to TNFα [30, 31] and IL1β [32] produced by immune cells but do not produce large quantities of these cytokines [33] . Similarly, in human patients suffering from Crohn's disease and ulcerative colitis, only serum concentration of IL-8 is increased compared to control patients [34] suggesting IL-8 production can be served as a good biomarker to test colon epithelial cell responses. During inflammatory responses, increased mitochondrial oxidative phosphorylation is required to meet increasing cellular demand and this may result in oxidative stress [29, 35] . Excessive accumulation of ROS that leads to oxidative stress can elicit cellular damage through the oxidation of various macromolecules and thus alter their biological functions and potentiate cell death. For example, previous studies [36] [37] [38] highlighted the contribution of mitochondrial dysfunction to loss of epithelial cell integrity, leading to increased epithelial permeability promoting microbial translocation. One mechanism that promotes mitochondrial damage and dysfunction is excessive production of ROS [37, 38] . Mitochondrial ROS generation is considered to be a continuous physiological process under aerobic conditions. During times of microbial stress, however, mitochondrial oxidative phosphorylation is increased leading to generation of additional ROS. Increased ROS production must be neutralized by anti-oxidant systems to prevent oxidative damage to mitochondria and other cellular organelles. CRL.1790 cells exhibited significant mitochondrial morphology changes including reduced circularity and diminished mitochondrial membrane integrity in response to microbial treatments. Previous studies [39] associated increased mitochondrial fission with decreased oxidative capacity, increased ROS generation and increased autophagy. In our current study, the damage to mitochondria also induced significant activation of autophagic responses demonstrating the ability of these cells to respond to oxidative stress and also potentially initiate recovery processes. We did not test activation of apoptotic pathway as a direct consequence of microbial stimulation in this study. However, mitochondrial stress and alterations in mitochondrial functions are observed in multitude of colon associated disease condition like ulcerative colitis, Crohn's disease and colon cancer. Our results concur with other studies showing mitochondrial dysfunction may be an early event leading to epithelial cell dysfunction observed in and other intestinal infections [40] and the CRL.1790
cells could provide a model system for studying this potential initiating phase of the disease. Finally, to determine whether scavenging mitochondrial ROS can reverse mitochondrial dysfunction, MitoTempo, a mitochondrial specific ROS scavenger was added prior to treatments and mitochondrial damage was studied. Our results clearly show, by pretreating CRL.1790 cells with MitoTempo decreased the mitochondrial damage and dysfunction, confirming the mitochondria was one of the major sources of ROS generation. Additionally our study also revealed, HKC contents are more potent in inducing inflammation (IL-8 production and ,ROS generation) compared to heat killed E. coli. The increased activity of HKC contents is likely due to multiple microbial sources (bacterial, protozoal, fungal and viral antigens) and possibly due to presence of other luminal antigens, advantageous for researchers trying to model colitis. The different potencies of the microbial challenges may also account for the differential timing of ROS responses following exposure to either E. coli or HKC.
In conclusion, our findings indicated that the normal cell line, CRL.1790, could be used in a convenient and reliable way to recapitulate both physiological and pathological mitochondrial function associated with intestinal inflammatory disorders. CRL.1790 respond to microbial stimulation by increasing ROS and induced autophagic responses that serve as a good model to study oxidative stress responses.
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COMMENTS
Background
Cellular oxidative stress is implicated in the multifactorial etiology of inflammatory bowel diseases and is a key initiating event propagating cellular damage. Cancerous colon cell lines are used to model inflammatory and oxidative stress responses in inflammatory bowel disease (IBD), but their inherent alterations in genome and metabolism may lead to confounding results when investigating underlying mechanisms of disease. There is a need to determine if normal human colon cell lines can react to microbial challenge in a way that can recapitulate oxidative stress-induced responses that are associated with intestinal inflammatory disorders.
Research frontiers
Previous studies have already proven that oxidative stress and mitochondrial dysfunction are key events leading to intestinal inflammatory disorders in humans and animal models.
Innovations and breakthroughs
This is the first study to evaluate the use of normal colonic epithelial cell line as a model to recapitulate oxidative stress-induced mitochondrial dysfunction that is known to be critical in the development of inflammatory bowel diseases.
Applications
The normal cell line, CRL.1790, can respond to microbial stimulation by increasing reactive oxygen species (ROS) and inducing autophagic responses that serve as a good model to study oxidative stress responses associated with intestinal inflammatory disorders. The results from this study confirm that CRL.1790 can be used in a convenient and reliable way to investigate both physiological and pathological mitochondrial function in response to microbial challenge as a way to investigate the underlying mechanisms associated with intestinal inflammatory disorders.
Terminology
Oxidative stress is an imbalance between the production of ROS and other free radicals that can damage tissues and anti-oxidant defenses of the body that are needed to counteract pro-oxidant damage.
